Background. Infarct size reduction by ischemic preconditioning is believed to be mediated by adenosine; however, whether adenosine is the factor responsible for the initiation of this protection remains unknown. It is possible that during preconditioning, adenosine stimulates receptors on presynaptic nerve terminals and retards the release of norepinephrine (NE) during the prolonged ischemia or that NE release during preconditioning augments adenosine production.
Background. Infarct size reduction by ischemic preconditioning is believed to be mediated by adenosine; however, whether adenosine is the factor responsible for the initiation of this protection remains unknown. It is possible that during preconditioning, adenosine stimulates receptors on presynaptic nerve terminals and retards the release of norepinephrine (NE) during the prolonged ischemia or that NE release during preconditioning augments adenosine production.
Methods and Results. To test whether the release of NE is involved in the preconditioning phenomenon, rabbits were pretreated with reserpine (5 mg/kg sc, 24 hours before) to deplete presynaptic nerve terminals of NE stores. On the day of the experiment, the rabbits were anesthetized with ketaminexylazine and instrumented for coronary occlusion. Nonreserpinized animals were used as controls. The control group (n=7) was subjected to 30 minutes of coronary occlusion and 120 minutes of reperfusion (ischemia-reperfusion) only. The preconditioned group (n=10) received 5 minutes of preconditioning ischemia and 10 minutes of reperfusion before the prolonged ischemia-reperfusion. Of the reserpinized animals, half (n=7) received preconditioning before ischemia-reperfusion and the remaining animals (n=7) did not. At termination of the experiment, an intravenous tyramine challenge (1 mg/kg) was used to confirm NE depletion in reserpinized rabbits. The resulting infarcts were measured with tetrazolium and planimetry. With comparable hemodynamics and areas at risk, infarct size in control animals was 39.8±2.1% of the risk region. Preconditioned animals showed an expected reduction of infarct size to 14.8±2.2% of risk region (P<.05 vs control). Of the reserpinized animals, those that received reserpine alone had infarcts that were 38.5±4.5% of risk region, and those that were preconditioned had infarcts that were 41.4+3.6% of risk region, which was not significantly different than the control group. Conclusions. We conclude that preconditioning fails to protect ischemic-reperfused myocardium in reserpinized rabbit myocardium, indicating that the release of NE during either preconditioning or prolonged ischemia is critical to preconditioning mediated protection. (Circulation. 1993;88[part 11:2351-2358.) KEY WORDs * ischemia * infarction * preconditioning * norepinephrine * reserpine T he phenomenon of ischemic preconditioning first described by Murry' has received much attention in scientific circles. Proposed mechanisms and contributors to the inducible tolerance of myocardium to a prolonged ischemic insult have included the involvement of adenosine at the A1-receptor,2,3 inhibitory G-proteins,4 and the involvement of ATP-sensitive potassium channels of the ventricular myocyte.5-8 Regarding the involvement of adenosine, it is also true that adenosine receptors exist on presynaptic nerve terminals in the myocardium, where they are involved in the regulation of norepinephrine release,9-11 thereby providing a site where these two elements (adenosine and norepinephrine) may interact. Therefore, the potential involvement of norepinephrine release from the sympathetic nerve terminal in ischemic preconditioning should be evaluated.
We hypothesized that infarct size limitation by ischemic preconditioning is dependent on the presence of releasable stores of norepinephrine in sympathetic nerve terminals. In this report, we studied the ability of ischemic preconditioning to produce tolerance to subsequent ischemia in animals that were pretreated with reserpine to deplete myocardial norepinephrine stores. Our results indicate that when myocardium is depleted of its norepinephrine stores, ischemic preconditioning fails to produce tolerance to a subsequent ischemic event, thereby implicating the sympathetic nerve terminal in the initiation of the ischemic preconditioning's cardioprotective effect.
were performed in AAALAC-approved laboratories with protocols that were reviewed and approved by the Ischemia-Reperfusion Study New Zealand White rabbits (2 to 3 kg) of either sex were used for this study. Twenty-four hours before study, the rabbits were momentarily retrieved from their cages and given a subcutaneous injection of reserpine (5 mg/kg) dissolved in a minimal volume of DMSO and returned to their cages.
On the day of the experiment, rabbits were anesthetized with an intramuscular injection of ketamine HCl (35 mg/kg) and xylazine (6 mg/kg). Adequate depth of anesthesia was ensured before any surgical procedures by the absence of pedal and palpebral reflexes. Subsequent doses of ketamine-xylazine (10 mg/kg and 2 mg/kg, respectively) were administered using repeat intramuscular injections to maintain surgical anesthesia while the animals were instrumented for reversible occlusion-reperfusion of a marginal branch of the left coronary artery, as previously described.8 1617 Positivepressure ventilation was established via a tracheostomy with a 3.0-mm internal diameter tracheal tube connected to a volume-cycled respirator (Harvard Apparatus; Natick, Mass), which was supplied with oxygenenriched room air. The tidal volume was set for approximately 14 mL, and the respiratory rate was adjusted between 30 and 40 cycles per minute to maintain the carbon dioxide tension between 35 and 40 mm Hg. Positive end-expiratory pressure (2 cm H20) was applied to the expiratory limb of the respirator to reduce atelectasis. Venous access was gained using a 19-gauge butterfly cannula introduced into a prominent marginal ear vein. The left common carotid artery was cannulated with PE-90 tubing, which was advanced to the aortic arch for blood pressure monitoring (Gould Instruments; Oxnard, Calif). ECG leads were attached to subcutaneous electrodes to monitor limb lead II.
The chest was opened by left thoracotomy in the fourth intercostal space, and the pericardial sac was incised to expose the heart. A prominent marginal mg/mL), and disodium EDTA (250 mg/L). To this branch of the left circumflex coronary artery was iden-tified, and a 4-0 prolene suture on a tapered needle was passed around the vessel twice to allow reversible occlusion of the coronary artery. The animals were then systemically heparinized with 600 U of sodium heparin.
After all surgical procedures had been performed, 15 minutes were allowed for stabilization, and the animals were divided into one of four groups. The first group (control group, n=7) consisted of nonreserpinized animals that were subjected to 30 minutes of coronary occlusion and 120 minutes of reperfusion (ischemiareperfusion) and served as controls. The second group (PC group, n= 10) consisted of nonreserpinized animals that received preconditioning before ischemia-reperfusion. The remaining two groups included animals that had received 5 mg/kg reserpine the previous day. The third group (RES group, n=7) of animals was reserpinized and subjected to ischemia-reperfusion only. The fourth group of reserpinized animals received preconditioning before ischemia-reperfusion (RES+PC group, n=7).
Experimental Protocol
Baseline hemodynamic measurements (blood pressure and heart rate) were taken before any experimental manipulations. In groups that were to be preconditioned before ischemia-reperfusion (PC and PC+RES groups), preconditioning was achieved using a single 5-minute coronary occlusion followed with 10 minutes of reperfusion. Hemodynamic measurements were taken during the last 30 seconds of the preconditioning occlusion (5' PC) and during the last 30 seconds of the intervening reperfusion period (10' post-PC). Animals that were not to be preconditioned (control and RES groups) were not studied during this time interval. Animals in all groups were then subjected to 30 minutes of ischemia and 120 minutes of reperfusion. The suture around the coronary artery was tightened to produce a zone of regional left ventricular ischemia, which was confirmed by regional cyanosis, dyskinetic movement, and prominent ST segment elevation. The use of lidocaine or other antiarrhythmic agents, either prophylactically or as treatment for arrhythmias, was strictly avoided due to the beneficial effect that such agents may have on infarct size.18 At 5 and 25 minutes of ischemia, repeat hemodynamic measurements were taken. The snare was then released after 30 minutes of ischemia to begin reperfusion (120 minutes). An intravenous infusion of phenylephrine (range, 0.25 to 0.50 mg/min) was used during the reperfusion period to assist in the maintenance of arterial pressure and to ensure coronary perfusion pressure sufficient for washout of enzymes during reperfusion.816"17 Repeat hemodynamic measurements were taken at 15, 60, and 120 minutes of reperfusion.
After all measurements had been taken, an intravenous tyramine challenge (1 mg/kg) was used to confirm norepinephrine depletion in reserpinized animals (less than 3 mm Hg change in mean arterial pressure). In vivo demarcation of the myocardium at risk was accomplished by reocclusion of the coronary artery and injection of India ink into the venous cannula. The animals were then immediately killed with an intravenous bolus injection of 3 mL of saturated KCI solution. The hearts were quickly excised, and the atria and right ventricle were dissected away and discarded.
Determination of Infarct Size
The left ventricular mass was sliced transversely along the septal groove (breadloafed) into 6 to 7 slices of 3-mm thickness each. The slices were stained in 50 mL of phosphate-mannitol buffered 1% 3,5,5-triphenyl-tetrazolium chloride (TTC) at 37°C, pH=7.4. TTC staining has been shown to demarcate viable tissue by reacting with myocardial dehydrogenase enzymes to form a brick-red stain. 19 Necrotic tissue (which has lost its dehydrogenase enzymes) does not form a red stain and shows as pale yellow. The apical and basal surface of each tissue slice was then traced onto acetate sheets, taking care to outline the nonrisk (India ink stain), risk (red stain), and necrotic (pale yellow) areas. The nonrisk, risk, and necrotic areas were determined using computer-aided planimetry of the acetate tracings by an investigator who was unaware of the particular treatment group. The two-dimensional area of nonrisk, risk, and necrotic myocardium in each slice was multiplied by the weight of each slice to yield weights of nonrisk, risk, and necrotic myocardium. 
Myocardial Catecholamines
Myocardial norepinephrine content was determined in a separate series of experiments that were not subjected to ischemia-reperfusion. In rabbits that were not treated with reserpine, myocardial norepinephrine content was determined to be 2.280±0.207 gg/g tissue, as shown in Fig 2. In rabbits that were injected with 5 mg/kg reserpine, myocardial norepinephrine content 24 hours later (when ischemia-reperfusion studies were to be conducted) was measured to be 0.054±0.005 ,ug/g tissue, a reduction in myocardial norepinephrine by 97.6% (P<.01).
Hemodynamic Data
Hemodynamic data including heart rate, mean arterial pressure, and pressure-rate product and are presented in Tables 1, 2 , and 3. We did not detect any significant group differences in either heart rate or mean arterial pressure during most of the study. The one exception was at 120 minutes of reperfusion where heart rate was significantly lower (23%) and mean Table 4 . Myocardium in the risk region expressed as a percentage of the left ventricle is also presented in Table 4 . With comparable risk regions among groups, necrosis in the risk region was 39.8±2.1% in control group animals (Fig 3) . In animals that were preconditioned, infarct size was reduced by approximately 68% to 14.8±2.2% of the risk region (P<.05 vs control group). In animals that were treated with reserpine and not preconditioned, infarct size was 38.5±4.5% of the risk area, which was not different from the control group (P=NS). When animals were preconditioned in the presence of reserpine, the resulting infarct was 41.4±3.6% of the risk region, which was not different from either the control or control with reserpine groups (P=NS). Discussion By demonstrating that ischemic preconditioning fails to limit infarct size in reserpinized rabbit myocardium, we have provided important evidence that implicates the sympathetic nerve terminal in the evolution of preconditioning's myoprotective effects. We have demonstrated this effect in a model where it can be presumed that interstitial adenosine builds up under ischemic conditions and that ATP-sensitive potassium channels are responsive to metabolic conditions during ischemia, yet no protection was observed.
Effects of Reserpine
These data indicate that norepinephrine is effectively depleted in this study, as demonstrated by both the lack of a pressor response to tyramine and by the depletion of myocardial norepinephrine as measured by HPLC. However, it is a bit surprising that, given the clinical indications for reserpine, we did not detect an effect of reserpine on the hemodynamic parameters that we measured (ie, slower heart rate and lower blood pressure). It is possible that a slower heart rate and/or lower blood pressure may become manifest with chronic administration of reserpine as opposed to the acute administration of reserpine used in the present study. It is also possible that other mediators of arterial pressure regulation such as vasopressin or the renin-angiotensinaldosterone system may have had a significant impact on the maintenance of systemic blood pressure in this study. Moreover, the selection of ketamine-xylazine as the anesthetic agent in this study results in heart rate that is significantly lower than other rabbit ischemiareperfusion studies where pentobarbital is used as anesthesia. 3, 20 Perhaps the lower heart rate as a result of
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Catecholamines, Preconditioning, and Myoprotection
We expected to find an interrelation between norepinephrine and adenosine in the preconditioning model. As adenosine is known to inhibit the release of catecholamines under both normoxic and ischemic conditions, the attenuated catecholamine release could be considered a viable mechanism for the myoprotection attainable with ischemic preconditioning. Alternately, it may be the release of catecholamines during preconditioning ischemia that may augment the production of adenosine during the prolonged ischemic period.
Murry23 has shown that ischemic preconditioning slows the depletion of ATP during a subsequent ischemic event in comparison to nonpreconditioned myocardium, and it was the preservation of myocardial ATP that was thought to sustain vital cell functions and delay irreversible ischemic injury. In a subsequent study from the same laboratory, Vander Heide24 has recently demonstrated a similar preservation of ATP under ischemic conditions in myocardium that had been pretreated with adenosine, indicating that exogenous adenosine can modulate the expenditure of ATP in ischemic myocardium. In contrast, adenosine failed to modulate ATP degradation when reserpine was used to deplete the myocardial norepinephrine stores before ischemia, suggesting that adenosine-mediated protection was dependent on the presence of norepinephrine.
Preischemic administration of tyramine has been shown by Thornton25 to produce infarct size reduction in the heart analogous to preconditioning. As tyramine is known to stimulate the release of norepinephrine from sympathetic nerve terminals, it is possible that norepinephrine released locally in the myocardium initiates or mediates preconditioning. Przyklenk26 has introduced the concept of "remote" preconditioning by showing that a brief coronary occlusion of the left circumflex coronary artery can induce tolerance to ischemia in myocardium perfused by the left anterior 
Potential Mechanism
There is already evidence that supports the role of norepinephrine in preconditioning. Kitakaze28 has shown that 5'-nucleotidase activity (conversion of AMP to adenosine) is increased after ischemic preconditioning, an occurrence that may be promoted by protein kinase C in response to a,-adrenoceptor stimulation. The authors suggested that the a1-receptor is stimulated during the preconditioning ischemia and that the resultant increase in 5'-nucleotidase activity augments the production of adenosine during the more prolonged ischemia. In a recent preliminary report,29 Kitakaze has also demonstrated that a,-receptor antagonists are able to block the effects of ischemic preconditioning on infarct size, whereas agonists at the a1-receptor can reduce the extent of myocardial necrosis. Our data appear supportive of the findings of Kitakaze28,29 in that we determined that the presence of norepinephrine is necessary for preconditioning to be protective in our model. However, we have not ruled out the possibility that norepinephrine may be acting through an entirely different mechanism that is independent of adenosine or that reserpine itself may have had an effect on adenosine production or potassium channel activity.
One question that remains on the potential role of norepinephrine is whether or not norepinephrine is released into myocardium during preconditioning. Previous work by Richardt30 and Schomig31 have demonstrated in the isolated perfused rat heart that there is not a buildup of norepinephrine during periods of ischemia less than 10 minutes. This was demonstrated to be the result of reuptake mechanisms in nerve terminals and the presence of adenosine, which inhibits neurotransmitter release. These findings would suggest that a 5-minute preconditioning ischemia is insufficient to cause a significant buildup of norepinephrine in the myocardium. However, Richardt30 and Schomig31 also demonstrated that when the reuptake mechanism was blocked by desipramine, the accumulation of norepinephrine increased dramatically with periods of ischemia as short as 2 minutes. In summary, these studies suggest that there is a large release of norepinephrine early in ischemia (2 minutes) but that buildup does not occur until 10 minutes of ischemia because of functioning reuptake mechanisms. Would the amount of norepinephrine that is released and reuptaken during a 5-minute preconditioning ischemia be sufficient to trigger the mechanism suggested by Kitakaze28,29? This point remains an open question.
Implications
Although the heart can apparently create a milieu where the formation of adenosine is promoted, rendering the heart resistent to ischemic injury, the generation of such an environment seems to require a brief nonlethal stimulus immediately before ischemia. Although the myocardial preservation afforded by preconditioning is highly significant, it is a distinct disadvantage that preconditioning protects the heart only transiently. The development of agents that can pharmacologically amplify the endogenous cardioprotective mechanism of the heart may be of clinical importance. Liu3 used R-PIA (an adenosine-A1 agonist) to reduce infarct size, analogous to ischemic preconditioning, in a setting that most likely did not involve the preischemic release of norepinephrine because stimulation of A1-receptors is known to inhibit norepinephrine release.9-11 Whereas the present study demonstrates that norepinephrine is necessary for preconditioning to be protective, the study of Liu3 suggests that this element of the preconditioning mechanism (norepinephrine release) can be sidestepped by stimulating adenosine-A1 receptors directly. However, the Liu study noted a profound hypotensive effect of R-PIA that may, in certain circumstances, promote coronary steal thus making the systemic use of such an agent impractical.
With regard to adenosine, it may be more reasonable to promote its actions locally rather than systemically. Alternative therapeutic approaches are emerging that increase local concentration of adenosine under ischemic conditions. The novel adenosine promotor acadesine (AICA-riboside, AICAr) has been found to augment adenosine production during ischemia.32 This finding suggests that acadesine might successfully emulate the protection attainable with ischemic preconditioning in clinically relevant situations such as elective angioplasty or coronary bypass surgery. In fact, the presence of acadesine has recently been shown to lower the time threshold necessary for ischemic preconditioning in the rabbit,33 suggesting that acadesine significantly potentiates adenosine production. Alternately, preservation of local buildup of adenosine by inhibiting its degradation (ie, adenosine deaminase inhibitors) has also been shown to be cardioprotective under ischemic conditions34 and thus may also have important clinical implications.
Summary
While adenosine is largely regarded as the mediator of preconditioning and adenosine may exert its effects through a potassium channel mechanism,2-8 we have revealed another essential element of this intriguing phenomenon: the presence of norepinephrine. Considering the data at hand and that present in the literature, it appears that infarct size reduction via ischemic preconditioning involves three distinct elements: norepinephrine release, adenosine receptor stimulation, and potassium channel activity, all three of which may represent an opportunity for therapeutic intervention in salvaging myocardium.
